objective. Transmission of Staphylococcus aureus via air may play an important role in healthcare settings. This study investigates the impact of barrier precautions on the spread of airborne S. aureus by volunteers with experimentally induced rhinovirus infection (ie, the common cold).
The use of special clothes in designated areas of the hospital was initiated in the late 1900s. 1 Around 1880, Sir William MacEwen, a British surgeon and colleague of Joseph Lister, first replaced the frock coat usually worn during surgery with a sterilizable white apron. The rationale for doing so was to prevent transmission of bacteria in the hospital setting and thereby reduce the number of infections, particularly in surgical wounds. The use of sterile surgical clothing was refined during subsequent decades and is now widely accepted in today's healthcare environment. 2 On the basis of our previous studies regarding the increased spread of Staphylococcus aureus by persons with a rhinovirusinduced common cold (ie, the "cloud phenomenon"), we became interested in the efficacy of the barrier precautions currently used in the healthcare setting for preventing airborne dispersal, as well as in how a common cold might impact the efficacy of these precautions. 3, 4 methods
Volunteers
Five hundred ninety-three volunteers from Wake Forest University (Winston-Salem, NC) were screened for nasal S. aureus carriage between October 2000 and April 2004, with cultures of nasal specimens. A total of 120 (20%) had specimens that yielded S. aureus in the initial culture and in the 2 subsequent follow-up cultures performed 2 weeks apart. A self-administered questionnaire about medical and medication history was completed by all participants. A convenience sample of 10 healthy individuals with nasal carriage of S. aureus subsequently agreed to participate in the study.
Microbiologic Analysis
Daily swabs of nasal specimens, pharynx specimens, and skin specimens (from the cheeks, axillae, palms of the hands, and groin) were obtained for quantitative culture. After surface plating and incubation at 35ЊC for 24-48 hours, the total number of colonies and the number with a morphology consistent with that of S. aureus or coagulase-negative staphylococci (CoNS) were counted; data are presented as colonyforming units (cfu). Select colonies were evaluated by Gram stain, a catalase test, and a coagulase test (Staphaurex; Murex Biotech).
Air samples for culture were obtained in an airtight chamber with a volume of approximately 3.1 m 3 (110 ft   3 ). The chamber was built around the front of a class II biologic safety hood (Purifier; Labconco) and provided sufficient room for a volunteer to sit in front of the workbench. Three 2-stage air samplers and one 6-stage air sampler (Andersen Instruments) were used to measure the number of airborne infectious bacteria, by impact on blood agar plates. 5 The agar plates were incubated for 24 hours at 35ЊC and stored for an additional 24 hours at room temperature. 6 Colonies were counted and evaluated as described above.
One colony of S. aureus from a culture of each site sampled, if available, was stored in 95% tryptic soy broth and 5% glycerol at Ϫ70ЊC for molecular typing. Molecular typing of selected isolates of S. aureus was performed by pulsed-field gel electrophoresis (PFGE) (BioRad) after digestion with the restriction endonuclease SmaI. 7 Cluster analysis of banding patterns was used to determine clonal similarity (BioNumerics software; Applied Maths). Strains were considered to be unique if differences in more than 3 bands were detected. 8 Isolates from dominant strains were tested for methicillin susceptibility by the disk diffusion test, using 1-mg methicillin disks (control S. aureus ATCC 25923). 9 Detailed descriptions of the methods for specimen collection, virus challenge, and assessment of rhinovirus infection and illness are published elsewhere.
3,4

Design
Air samples were collected on agar plates daily for 16 consecutive days. Each day, participants provided samples while sitting in the chamber during four 20-minute sessions, the first of which was preceded by a control run without the participant. To reduce the potential carryover of airborne bacteria from consecutive sessions, the biologic safety hood was run for at least 10 minutes between test sessions, and the order of the individual sessions was randomized. Participants wore their street clothes during the first session, surgical scrubs (product numbers 720PTJL-CM [shirt] and 700PTJL-CM [pants]; Medline Industries) during the second, surgical scrubs plus a fluid-resistant gown (product number MDT01209XL; Medline Industries) during the third, and the latter plus a face mask (N95 Particulate Respirator; 3M) during the fourth. Surgical gloves, shoe covers, and a bouffant cap were also worn during the final 3 sessions. Surgical scrubs and gowns were replaced with sterile items after each session. The participants were trained in the appropriate use of the face masks. During chamber sessions, study personnel directly observed and recorded the number of sneezes, coughs, nose blows, talking events, and unusual activities of the participants. Participants were asked to avoid brisk body movements and to sneeze or cough, if necessary, in the direction of the safety hood without covering the face area. After the daily test sessions the chamber was cleaned and disinfected.
After day 4, participants were exposed to 1 of 3 rhinovirus serotypes (Hanks, 39, or 16) at an intranasal dose of approximately 100 median tissue culture infective doses, based on susceptibility (defined as a serum-neutralizing antibody titer of no more than 1 : 4 against the challenge virus). 10, 11 Infection was determined by recovery of virus from nasal lavage specimens and by detection of positive homotypic serum-neutralizing antibody titers in paired acute-phase specimens (obtained at the time clinical symptoms presented) and convalescent-phase specimens (obtained 4 weeks later). To assess illness, 8 symptoms (sneezing, rhinorrhea, nasal obstruction, sore or scratchy throat, cough, malaise, chills, and headache) were each evaluated daily, using a scale of 0-4.
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The total cold-symptom score is the sum of the individual symptom ratings. A cold was defined as present if a subject had a total symptom score of 6 and rhinorrhea on 3 or more days and/or had the subjective impression of a cold. 12 Informed consent was obtained from all participants. The human experimentation guidelines of the US Department of Health and Human Services and those of the Wake Forest University School of Medicine were followed in the conduct of this study.
Data Analysis
Data analyses were performed using Stata, version 9.1 (StataCorp). The primary outcome was defined as the dispersal of airborne bacteria, such as S. aureus, CoNS, a-hemolytic streptococci, and other bacteria, at the individual level in cfu/ m 3 /min. The exposure variable-clothing condition-was transformed into indicator variables to allow multiple comparisons between the types of clothes worn. Model building and testing was based on the random-effects negative binomial distribution for overdispersed count data. 13, 14 The effect measures are expressed as incidence rate ratios (IRRs) in cfu/ m 3 /min. This distribution was chosen to account for the between-individual heterogeneity in dispersal rates, which can cause overdispersion; the excess number of zero values found in the outcome distributions; and the additional level of clus-
figure.
Cold-symptom scores for 10 volunteers exposed to rhinovirus on day 5 of the 16-day study. Scores were calculated using the methods of Harris and Gwaltney. tering present because of repeated observations occurring for an individual over time and across clothing conditions. Model building was based on a hierarchical backward elimination strategy, which pared down the most-complex models to a final model. Effect measure modification was assessed by the composite Wald test (a level, .05) as well as the Akaike information criteria and the Schwartz information criteria. [15] [16] [17] The change-in-estimate technique was chosen to test for confounding, with a preset threshold of 10%. After calculation of the final models, model diagnostic analyses were used to search for potential influential cases. Because of the cluster nature of the data set, participants were removed one at a time from the final models, and the change-in-estimate effects were determined. The threshold was preset at a 20% change-in-estimate effect.
results
Participants
Five healthy female volunteers and 5 healthy male volunteers were enrolled, all of whom were white. The mean age was 25.4 years (range, 21-32 years). None had chronic medical conditions or requirements associated with an increased risk of S. aureus carriage, such as diabetes mellitus, hemodialysis, atopic dermatitis, psoriasis, and eczema. Four volunteers reported a history of seasonal allergies but were not symptomatic and were not taking medication at the time of the chamber sessions. None had recently received or were taking antibiotics, nasal sprays, inhaled steroids, antihistamines, and/ or corticosteroids. Two volunteers were taking hormonal birth control agents. One volunteer was a smoker.
Rhinovirus Challenge
All participants developed a symptomatic cold after the rhinovirus challenge, according to their total cold-symptom scores. The Figure documents daily mean symptom scores for all participants after rhinovirus exposure. Volunteers most often experienced nasal congestion, sore throat, and runny nose, followed by malaise, coughing, and headache. Sneezing and chills were reported least frequently.
For 2 participants, nasal lavage specimens were not tested and serum titers not measured because of technical problems. Four of the remaining 8 participants had serum antibody titers greater than 4 after viral challenge, and all 8 had rhinoviruses detected in at least 1 nasal lavage specimen. Sneezes and coughs were rarely documented. A total of 23 sneezes and 186 coughs during 640 chamber sessions, with no statistically significant difference before and after rhinovirus exposure. Reading was the only "unusual activity" observed by the study personnel.
Bacteria in Mucosal and Skin Specimens
All participants carried S. aureus in their nose before and after rhinovirus challenge. Table 1 shows the findings of statistical analysis of bacterial carriage before and after rhinovirus inoculation. Significant differences in the results of quantitative cultures of nasal samples were observed after the viral challenge, with a 39% decrease in the number of S. aureus colony-forming units, a greater than 3-fold increase in the number of a-hemolytic streptococcal colony-forming units, and a 2-fold increase in the number of colony-forming units of other bacteria. In addition, the mean number of colony-forming units of other bacteria increased by 41% after the rhinovirus challenge in cultures of skin samples obtained from the participants.
Effects of Clothing Conditions
During 640 chamber sessions, a total of 32,946 airborne cfu were detected, including 140 cfu of S. aureus (0.42%), 5,677 cfu of CoNS (17.23%), 5,625 cfu of a-hemolytic streptococci (17.07%), and 21,504 cfu of other bacteria (65.27%). Samples from all control runs were negative for airborne bacteria. /min for a-hemolytic streptococci, and 4.51 cfu/ m 3 /min for other bacteria. The diameter of the majority (77%) of air particles carrying bacteria was greater than 5 mm, independent of clothing conditions and rhinovirus exposure. Table 3 lists findings of the final models to compare the effect of clothing conditions and sex on airborne dispersal of bacteria; models were run after testing for effect measure modifiers and confounders. These included modifiable risk factors, such as allergies and rhinovirus-induced common cold, and fixed risk factors, such as sex and age.
Compared with airborne levels of S. aureus during sessions in which street clothes were worn, airborne levels decreased by 75% when surgical scrubs were worn ( ), by 80% P ! .001 when scrubs and a surgical gown were worn ( ), and P ! .001 by 82% when scrubs, a gown, and a face mask were worn ( ). However, the addition of a mask to the surgical P ! .001 scrubs and gown did not reduce the airborne dispersal significantly (IRR, 0.92;
). Similar reduction patterns P p .759 were also found for all other bacteria except a-hemolytic streptococci. Here, use of a face mask led to a statistically significant further reduction of 65% in airborne spread (IRR, 0.35;
). No effect-measure modifier was identified for P ! .001 any of the outcomes. The only confounding factor detected was sex. S. aureus was shed into the air twice as frequently by men, compared with women, during the street clothing sessions (IRR, 2.04). None of the other bacteria groups were affected by sex or other factors. Additional tests revealed that data from no particular participant significantly influenced the outcomes of analyses involving clothing conditions.
Effects of the Common Cold
The effect of the common cold on the association between clothing conditions and airborne bacterial spread was investigated by the inclusion of 2 variables in the multivariate models. A binomial variable indicated exposure to the rhi- .013 … … … … note. CI, confidence interval; CoNS, coagulase-negative staphylococci; IRR, incidence rate ratio.
novirus at day 4, and the subjective daily symptom scores provided a continuous measure of cold symptoms. A test of interaction terms with these factors and change-in-estimate assessments for confounding did not reveal a significant alteration of the exposure-outcome relationship shown above. This held true for all bacteria groups and species.
S. aureus Characteristics
Six hundred eighty-four (8.5%) of 808,505 S. aureus colonyforming units detected on culture were studied by PFGE. Each participant carried 1 dominant clone of S. aureus (genetic similarity, 73.6%-100%) recovered from different sites. All S. aureus strains were susceptible to antibiotics. discussion S. aureus is currently one of the most important healthcareassociated pathogens in the United States. 18 This fact is further complicated by the emergence of multidrug resistance and the increasing frequency of community-acquired S. aureus infection. 19 Several guidelines have been published on the management of S. aureus carriers in healthcare settings. 20, 21 Besides physical isolation, cohorting, and the use of eradication treatment, one of the main strategies is to control bacterial spread by using barrier precautions, such as special clothing and/or face masks. 22 Transmission of S. aureus is thought to occur predominantly by direct contact through hands and, to a lesser degree, by indirect contact via environmental surfaces or by airborne dispersal. [23] [24] [25] The latter-the target of our studyhas been studied since the middle of the last century. 26, 27 As an early example, Bethune et al. 28 found that the quantity of bacteria dispersed in the air by volunteers wearing street clothes was reduced by 18.9% after volunteers donned paper covers over their street clothes. This and similar results from subsequent studies confirm the findings in our study. The highest percentage decrease in airborne dispersal was observed after volunteers changed from "contaminated" street clothes to sterilized "clean" clothes, underscoring the major importance of clothes in the spread of bacteria via air. A comparison of the reduction in rates after changing into sterilized surgical scrubs, according to bacteria type, revealed that the reduction was most prominent for S. aureus. The addition of a surgical gown did not alter the outcome for S. aureus significantly but did so for the other bacteria. Apparently, S. aureus dispersal is strongly associated with an initial change to sterilized scrubs, whereas the spread of other bacteria can be further reduced by additional skin coverage, particularly of the forearms, during gown use. This hypothesis is supported by the overall lower carriage rates of S. aureus on the skin, compared with rates for other bacteria, such as CoNS, in our study (Table 1 ) and by data presented by Williams 29 and Wertheim et al. 30 In regard to the management of S. aureus carriers, the use of scrubs appears to reduce the quantity of S. aureus dispersed through the air, whereas the addition of gowns does not appear to improve efficacy of scrubs.
In contrast to the efficacy of scrubs and gowns, there is only weak evidence of the efficacy of face masks. 31, 32 The most comprehensive study was undertaken by Tunevall et al., 33 who used a prospective randomized study design to investigate the effect of masks on surgical site infection rates among 3,088 patients. Their finding, which was surprising at the time, was that masks did not alter infections rates. Our study showed a significant decrease in the airborne spread of a-hemolytic streptococci during sessions in which face masks were used. However, the spread of other bacteria was not significantly affected by mask use. The latter finding was also confirmed by our previous investigations, which comprised different volunteers, involved a mask with a lower filter efficiency (75% filtration capacity), and did not include a session during which surgical scrubs and a gown were worn. 3, 4 A probable explanation is that a-hemolytic streptococci colonized only the pharynx and mouth and were therefore blocked from dispersing through the air by N95 face masks, in contrast to other types of bacteria, which were also found on and spread from the skin and/or clothes of the participants (Table 1) . This implies that, for S. aureus, the nose might play a role as a source for contamination of the skin and/or clothes or for transmission by indirect contact via hands but not for direct contact via the airborne route.
Another interesting finding is the influence of sex. Male volunteers spread twice the amount of S. aureus via the air, compared with female volunteers, independent of clothing conditions. Earlier studies confirm this sex-based association, showing that 12% of male volunteers disperse S. aureus, compared with only 1% of female volunteers. 28, 34 However, the mechanisms behind these findings remain unclear.
The second objective of our study was to determine the impact of a rhinovirus-induced common cold on the efficacy of barrier precautions. The motivation for evaluating this objective was based on the finding of increased S. aureus dispersal by persons with a viral upper respiratory tract infection. 3, 4, 10, 35 In contrast to our earlier findings, 3 this study revealed that, for all protective clothing conditions tested, the airborne spread of S. aureus after the virus challenge was less than that before the virus challenge. We found that a mildto-moderate cold did not alter the efficacy of the barrier precautions.
One must be aware of several constraints regarding the interpretation of the results. First, no clear threshold currently exists for the airborne infective dose of S. aureus. Therefore, the clinical significance of our findings cannot be directly assessed at this time. Second, the number of participants was restricted to 10 young and healthy volunteers and to certain brands and types of barrier precautions. Similar restrictions are not uncommon in viral challenge trials, and they may somewhat limit the generalizability of our findings. Third, volunteers rated the symptoms of the rhinovirus-induced cold as mild to moderate. The impact of a severe viral upper respiratory tract infection may therefore differ from that reported by our participants. Fourth, only S. aureus carriers were enrolled into the study, which makes inferences about other potentially airborne pathogens, such as pneumococci, Neisseria meningitidis, and group A streptococci, difficult to formulate. [36] [37] [38] [39] Finally, the effects of wearing clothes over time could not be addressed. Charnley and Eftekhar 40 showed that skin bacteria penetrated through clothes worn for extended periods. We believe that surgical scrubs, at least, would show similar penetration over time, although it is unclear how long this might take to occur. This interventional study targeted the effect of commonly used barrier precautions on the airborne dispersal of S. aureus by persons with a rhinovirus-induced common cold. The most efficient reduction in the airborne spread of S. aureus was obtained by changing into sterilized surgical scrubs. The efficacy observed during the surgical scrubs sessions was not significantly different from that during the surgical scrubs and gown sessions and the surgical scrubs, gown, and N95 mask sessions. However, even under the most effective clothing conditions (surgical scrubs, gown, and mask), a mean of 0.12 cfu/m 3 /min of S. aureus were spread into the environment. Future guidelines for nonsurgical settings and surgical settings should take into account the importance of wearing clean clothes during contact with S. aureus carriers, including carriers with multidrug-resistant strains. Furthermore, mildto-moderate common colds do not impact the efficacy of commonly used barrier precautions. Special accommodations, such as mandatory face mask use by S. aureus carriers, appear unjustified in view of findings on the airborne dispersal of this pathogen.
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